To maintain genome function and stability, DNA sequence and its organization into chromatin must be duplicated during cell division. Understanding how entire chromosomes are copied remains a major challenge. Here, we use nascent chromatin capture (NCC) to profile chromatin proteome dynamics during replication in human cells. NCC relies on biotin-dUTP labelling of replicating DNA, affinity purification and quantitative proteomics. Comparing nascent chromatin with mature post-replicative chromatin, we provide association dynamics for 3,995 proteins. The replication machinery and 485 chromatin factors such as CAF-1, DNMT1 and SUV39h1 are enriched in nascent chromatin, whereas 170 factors including histone H1, DNMT3, MBD1-3 and PRC1 show delayed association. This correlates with H4K5K12diAc removal and H3K9me1 accumulation, whereas H3K27me3 and H3K9me3 remain unchanged. Finally, we combine NCC enrichment with experimentally derived chromatin probabilities to predict a function in nascent chromatin for 93 uncharacterized proteins, and identify FAM111A as a replication factor required for PCNA loading. Together, this provides an extensive resource to understand genome and epigenome maintenance.
To maintain genome function and stability, DNA sequence and its organization into chromatin must be duplicated during cell division. Understanding how entire chromosomes are copied remains a major challenge. Here, we use nascent chromatin capture (NCC) to profile chromatin proteome dynamics during replication in human cells. NCC relies on biotin-dUTP labelling of replicating DNA, affinity purification and quantitative proteomics. Comparing nascent chromatin with mature post-replicative chromatin, we provide association dynamics for 3,995 proteins. The replication machinery and 485 chromatin factors such as CAF-1, DNMT1 and SUV39h1 are enriched in nascent chromatin, whereas 170 factors including histone H1, DNMT3, MBD1-3 and PRC1 show delayed association. This correlates with H4K5K12diAc removal and H3K9me1 accumulation, whereas H3K27me3 and H3K9me3 remain unchanged. Finally, we combine NCC enrichment with experimentally derived chromatin probabilities to predict a function in nascent chromatin for 93 uncharacterized proteins, and identify FAM111A as a replication factor required for PCNA loading. Together, this provides an extensive resource to understand genome and epigenome maintenance.
Mammalian genomes are replicated by the simultaneous progression of thousands of replication forks 1 . In this process, chromatin organization is disrupted ahead of the replication machinery and restored behind, on the two daughter strands 2, 3 . This genome-wide disruption of chromatin raises fundamental questions about how DNA replication is integrated with chromatin dynamics and how specific chromatin structures are transmitted through mitotic cell division. These questions underpin how cells maintain epigenetically defined gene-expression patterns and thus their identity, which is central to development and disease avoidance [2] [3] [4] . Chromatin restoration on newly synthesized DNA is a multilayered process, including nucleosome assembly and remodelling, restoration of DNA methylation and histone marks, deposition of histone variants and establishment of higher-order chromosomal structures including sister-chromatid cohesion 2, 3 . Correspondingly, a large number of proteins are involved, for many of which timing and action are yet to be elucidated or even their identity to be revealed. Pioneering work using nucleases to probe chromatin assembly, argues for a time window of approximately 15-20 min for new DNA to be packaged into a structure with nucleosomal periodicity and nuclease resistance similar to bulk chromatin 5, 6 . This process is referred to as chromatin maturation 6, 7 . Restoration of nucleosomal density is rapid and relies on recycling of old histones combined with addition of new ones 8 . Old parental histones are thought to maintain their marks, which are thereby transmitted to the daughter strands. In contrast, new histones H3-H4 are acetylated, principally at Lys 5 and 12 of histone H4 (K5K12diAc; ref. 9) . These histone H4 acetylations are removed shortly after replication, as nascent (immature) chromatin matures into a nuclease-resistant state 6, 10, 11 . The sliding clamp proliferating cell nuclear antigen (PCNA) plays a central role in coupling replication with chromatin restoration through its ability to recruit the nucleosome assembly factor chromatin assembly factor 1 (CAF-1) the maintenance DNA methyltransferase DNMT1, several chromatin remodellers and lysine deacetylases and methyl transferases 2, 3 . Still it remains largely unknown when and how most chromatin constituents and modifiers are recruited. As a discovery approach, proteomics has been used to define the composition of purified telomeres 12 and of mitotic MCM2  MCM3  MCM4  MCM5  MCM6  MCM7  GINS1  GINS2  GINS3  GINS4  POLE1  POLE1   POLE3   POLE4  POLD1  POLD2  POLD3  POLD4  PRIM1  PRIM2  POLA1  POLA2  PCNA  RFC1  RFC2  RFC3  RFC4  RFC5  CHTF1  CHTF8  DCC1  ELG1  CLASPIN  AND1  TIMELESS  TIPIN  MCM10  RPA1  RPA2  RPA3 DNA LIGASE I chromosomes 13 . The latter study revealed a surprising complexity of whole chromosomes and a machine learning approach, multiclassifier combinatorial proteomics (MCCP) was used to predict functional significance of associated proteins 13 . Given the power of these tools in defining chromosomes, we applied them to study chromatin replication.
We profile DNA replication and chromatin maturation in human cells by NCC, a biochemical approach to isolate newly synthesized DNA for quantitative proteomic analysis. By determining the dynamic association of 3,995 proteins with nascent newly synthesized chromatin and mature post-replicative chromatin, we reveal three classes of factors: enriched in nascent chromatin; present in both nascent and mature chromatin; and enriched in mature chromatin. This rich data set offers unprecedented insight into the process of building chromatin and maintaining epigenetic information. Moreover, our proteomic analysis provides a discovery approach to identify proteins recruited to replication forks and/or nascent chromatin. Applying a MCCP-derived chromatin-probability list to our data, we predict a role for 93 uncharacterized proteins at replication forks or in newly replicated chromatin behind the fork, and identify FAM111A as a PCNA interaction partner required for DNA replication and S-phase entry.
RESULTS

Isolation of replication forks and nascent chromatin by NCC
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DNA labelled by nucleotide analogues. We have developed an analogous biochemical method, NCC, for isolation of protein complexes present on newly replicated DNA (Fig. 1a) . This method involves incorporation of biotin-dUTP (refs 14,15; Fig. 1b) , strong chromatin crosslinking and sonication followed by affinity purification of tagged chromatin (Supplementary Methods). BiotindUTP can be introduced by a short hypotonic shift of HeLa S3 spinner cultures without affecting S-phase progression or triggering DNA damage ( Supplementary Fig. 1a,b) . To follow DNA synthesis and its assembly into chromatin, we compared nascent chromatin pulse-labelled for 20 min with post-replicative chromatin allowed to mature during a 2 h chase (Fig. 1c,d and Supplementary Fig. 1c) . Given a fork speed of 1-2 kb min −1 (ref. 1), 20-40 kb of DNA could be labelled behind each replication fork, in total corresponding to 5% of the genome. We thus isolate replication forks and nascent (immature) chromatin behind, but shorter labelling times can be applied to focus on DNA replication ( Supplementary Fig. 1d,e) . Synchronized cells were labelled in early-mid S phase (Fig. 1d,e) , including both euchromatin and heterochromatin regions in our analysis. Western blot of NCC pulldowns confirmed enrichment of PCNA and new histone H4 acetylated at Lys 12 in nascent chromatin, whereas canonical histones H3, H4 and H2B were present in both nascent and mature chromatin (Fig. 1f) . Histones and other factors were not detected in a negative control without biotin-dUTP (Fig. 1f) .
To quantitatively compare the composition of nascent and mature chromatin, we combined NCC and stable isotope labelling by amino acids in cell culture 16 (SILAC; Supplementary Fig. 2a-c) . A low fold difference for most proteins between three independent biological replicates illustrated high reproducibility and robustness of the technology ( Supplementary Fig. 2d,e) . We therefore present the full combined data set, normalized to histone H4 to adjust for variations in yield between independent experiments (Supplementary Table 1 ). We quantified in total 3,995 proteins providing a comprehensive view of: factors enriched in nascent chromatin (for example, PCNA); factors present in both nascent and mature chromatin (for example, histone H4); and factors enriched in mature chromatin (for example, histone H1; Fig. 1g ). Given that the SILAC ratio generally reflects relative protein abundance, these groups typically represent replication-associated factors (Fig. 1g, left) , and early- (Fig. 1g, middle) or late-arriving chromatin components (Fig. 1g,  right) . However, as crosslinking efficiency can be context dependent, extreme SILAC ratios may also indicate changes in the environment or conformation of a protein. Importantly, we identified 41 of the 44 known core replication fork components enriched on newly replicated DNA (Fig. 1h) , arguing that we successfully isolated active human replication forks.
Identification of accessory fork components
We also identified a number of accessory factors dealing with DNA-RNA duplexes, protein degradation and DNA repair at the fork ( Fig. 2 and Supplementary Fig. 3a) , whereas factors primarily involved in origin recognition and licensing were either not identified or did not show strong enrichment (Supplementary Fig. 3b ). Ranking replication-associated and replication-independent repair and checkpoint factors according to NCC-SILAC ratio illustrates that the former group is highly over-represented in nascent chromatin (Fig. 2) . Whereas DNA replication and chromatin restoration factors are comprehensively represented and enriched in nascent chromatin, many factors involved in cell cycle control and survival are not identified, and those we find are not enriched (Supplementary Fig. 3c and Table 2 ). Furthermore, factors carrying a PIP-degron, which undergo PCNA-dependent degradation in S phase, were not found. The NCC data thus identify those factors from the large PCNA interactome that function at active replication forks.
Chromatin assembly and maturation
We quantified 806 known chromatin components and transcriptional regulators in our analysis (Supplementary Table 1 and Fig. 3 ), providing insight into their dynamic behaviour during chromatin replication. Although less sensitive, western blotting of selected factors generally mirrored SILAC enrichments ( Supplementary Fig. 3d ). As expected, we found chaperones such as CAF-1 and FACT, DNMT1 with cofactors UHRF1 and DMAP1, and the cohesin acetyltransferase ESCO2 enriched in nascent chromatin ( Fig. 3b-d) . The Asf1a and Asf1b histone chaperones also play important roles during replication 24, 25 , yet they were not enriched in nascent chromatin (Fig. 3d) . Likewise, previous studies could not identify these chaperones at replication sites by immunofluorescence microscopy 25 . This probably reflects their dynamic behaviour and additional replication-independent functions. Unexpectedly, the centromeric H3 variant CENP-A was highly enriched in nascent chromatin (Fig. 3a) . However, we did not identify the CENP-A histone chaperone HJURP. Other interesting factors enriched in nascent chromatin include the H3K9me3 reader and writer HP1 and SUV39h1/2 ( Fig. 3e) , the NASP histone chaperone (Fig. 3d) , the H3K4me3 demethylase Fig. 3e ), the deacetylases HDAC8 and SIR2L, components of the NuA4 (YEATS4, MORF4L2, and BRD8) and CREBBP acetyltransferases, RIF1 and several nuclear lamins (lamin-A/C, lamin B1, B2; Supplementary Table 1 ).
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The canonical histones showed a ratio close to 0 (Fig. 3a) , consistent with their rapid assembly onto newly synthesized DNA and thus a similar occupancy on nascent and mature chromatin. This was also true for H2A.X and MacroH2A1 (Fig. 3a) , probably reflecting that they are transferred during replication and additional incorporation does not take place within 2 h of maturation. A large number of other components also showed similar occupancy in nascent and mature chromatin, including cohesin rings (Fig. 3c) , CTCF, the chromatin remodellers SMARCA1, 4 and 5, HDAC1 and 2, and the PRC2 complex ( Fig. 3e and Supplementary Table 1 ). This probably reflects that these components, like canonical histones, are only transiently released during replication.
Most linker histone H1 isoforms and the replacement variant H2A.Z were enriched in mature chromatin (Fig. 3a) . This implies that incorporation of these histones is separated from replication (replication-independent), but commences within 2 h after DNA synthesis. Several methyltransferases catalysing active methylation marks such as H3K4me3 and H3K36me2 were also enriched in mature chromatin (for example MMSET, ASH1, MLL1 and MLL2; Supplementary Fig. 3e ) 26 , correlating with RNA Pol II association ( Supplementary Fig. 3f ). Strikingly, the de novo DNA methyltransferase DNMT3A and the PRC1 complex also preferentially occupied mature chromatin (Fig. 3b,e) . Most methylbinding proteins behaved like DNMT3 (Fig. 3b) , as expected if their recruitment awaits restoration of methylation by DNMT1-UHRF1. Thus, late recruitment characterizes a broad group of factors involved in both transcriptional activation (MMSET, MLL1, H2A.Z) as well as repression (H1, PRC2, DNMT3).
H3K9me3 and H3K27me3 are transferred with old histones
To explore the relationship between histone marks and the dynamics of the modifying enzymes, we followed H3K9me3 and H3K27me3 levels. In contrast to the rapid loss of H4K5K12diAc, neither H3K27me3 nor H3K9me3 levels changed significantly within the first 2 h after replication (Fig. 4a) . H3K9me1 levels were increased in mature chromatin, probably reflecting that a fraction of new histones are mono-methylated during this time window. SILAC analysis of new histones has shown that establishment of H3K27me3 and H3K9me3 is slow, whereas mono-methylation is more rapid 27, 28 . Together with our NCC data, this predicts that H3K9me3 and H3K27me3 marks detected in nascent and mature chromatin originate from recycled old histones. To test this directly, we modified our NCC set-up to label DNA under conditions where new histone biosynthesis is repressed by cycloheximide (CHX). Short pre-treatment with CHX depleted the soluble pool of new histones marked by H4K5ac (Fig. 4b, left) , thereby reducing their incorporation into nascent chromatin (Fig. 4b, right) . However, H3K9me3 and H3K27me3 levels were not affected by the lack of new histone deposition (Fig. 4b, right) , corroborating the longstanding model that histone marks are transferred with old histones onto newly synthesized DNA (refs 2,3).
Predicting replication-coupled functions for uncharacterized proteins by in silico purification
Our NCC-SILAC experiments quantified 3,995 factors, manually distributed into seven categories based on literature (Fig. 5a) . Overall, more factors were enriched in nascent chromatin compared with mature, possibly owing to its open and highly acetylated state. Importantly, DNA replication stands out as the most highly enriched category in nascent chromatin, suggesting a replicationcoupled function of proteins that are similarly enriched ( Fig. 5b and Supplementary Fig. 4 ). We found 878 functionally uncharacterized proteins as well as many factors with no expected chromatin function that for the most part are likely to be 'hitchhikers' , considered biological/biochemical background 13 . Unexpectedly, some hitchhikers showed enrichment in nascent or mature chromatin ( Supplementary  Fig. 4 ), limiting the predictive value for functions of uncharacterized proteins. To add a second dimension to the data, so that functionally relevant proteins can be distinguished from background, we used a chromatin probability table for 7,600 proteins 29 . This is based on MCCP (ref. 13) , integrating many chromatin proteomics experiments unrelated to the present study but collectively indicating chromatin function. Applying chromatin probability as an in silico purification Table 3 ). Factors with a chromatin probability above 0.4 were considered chromatin, as this included roughly 90% of the core replication factors (Fig. 1h) .
step to our data set allowed us to discriminate factors with a chromatin function from those with no expected chromatin function according to literature (Fig. 5c and Supplementary Table 1) . Focusing on factors with nascent chromatin enrichment larger than the 40 most enriched core replication factors (SILAC log 2 ratio < 0.4), in silico purification removed 90% of the factors with no expected chromatin function, but keeping 90% of the replication factors. A large number of uncharacterized proteins (60%) were also removed, ultimately identifying 93 uncharacterized factors with high probability of having a function at replication forks or on newly replicated chromatin behind the fork (Supplementary Table 3 ).
Identification of chromatin replication factors
First, we tested the localization of seven uncharacterized proteins enriched on nascent chromatin, three with high chromatin probability and four with low probability 29 . All three factors with a highly likely chromatin function, FAM111A, FAM178A and ATAD2B, showed nuclear localization, exhibited a focal staining pattern and were b c a resistant to Triton extraction (Fig. 6a,b and Supplementary Fig. 5a ), as expected for chromatin-bound proteins. In contrast, the four proteins with low chromatin probability were mainly cytoplasmic (Fig. 6a,d and Supplementary Fig. 5c ). FAM111A and FAM178A co-localized almost perfectly with PCNA, whereas ATAD2B showed partial colocalization consistent with the lower NCC enrichment (Fig. 6c and Supplementary Fig. 5b ). We noted that both FAM111A and FAM178A contained putative PCNA interaction motifs, a PIP box and an APIM motive, respectively (Supplementary Fig. 6a ). Whereas mutation of the FAM178A APIM motif did not affect its localization ( Supplementary  Fig. 6b) , disruption of the FAM111A PIP box led to diffuse pan-nuclear distribution (see below). We thus focused our attention on FAM111A and first confirmed the enrichment in nascent chromatin by western blotting (Fig. 6f) . Then we addressed PCNA binding by GST pulldown and found that FAM111A interacts directly with PCNA in a PIP-boxdependent manner in vitro (Fig. 6g) .
Green fluorescent protein (GFP)-tagged FAM111A co-localized with PCNA at replication sites, but at the same time impaired EdU incorporation and arrested cells in early S phase (Fig. 7a,b and Supplementary Fig. 6c ). This probably reflects that PIP box-containing proteins on overexpression can interfere with DNA replication by competing with other PCNA binding partners (that is, DNA pol δ, DNA pol ε, FEN-1 and DNA ligase I) [30] [31] [32] . The FAM111A PIP box mutant (PIPmt) showed a pan-nuclear distribution (Fig. 7a) , and, surprisingly, these cells were all negative for PCNA and EdU (Fig. 7a,c) . This suggested that the mutant arrested cells outside S-phase. We thus determined the cell cycle distribution based on MCM2 staining patterns and EdU labelling for 1 h to detect slowly replicating cells 33 ( Supplementary Fig. 6d ). Intriguingly, a substantial proportion of cells expressing the PIP mutant were in early S phase and incorporated low levels of EdU ( Fig. 7d and Supplementary Fig. 6e) , regardless of the fact that PCNA foci were hardly detectable (Fig. 7a, Figure 8 Chromatin dynamics during DNA replication. Association dynamics of chromatin proteins during the first two hours of chromatin assembly and maturation determined by NCC-SILAC enrichment and chromatin probability (Supplementary Table 1 ). Selected factors are listed along with the total number of chromatin proteins identified and those functionally uncharacterized.
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and Supplementary Fig. 6e ). This suggested that the PIP mutant might affect PCNA loading and/or stability in a dominant-negative manner. Quantitative analysis showed that the PIP mutant reduced the level of both chromatin-bound and total PCNA in the nucleus (Fig. 7e,f) . Similar results were obtained in cells stably expressing red fluorescent protein (RFP)-tagged PCNA from an exogenous promoter ( Supplementary Fig. 6f ), excluding indirect effects on transcription. We thus tested whether PCNA stability was affected by inhibiting the proteasome with MG132. This largely restored total PCNA levels, but only moderately increased loading of PCNA on chromatin (Fig. 7f) . Next we used RNA-mediated interference (RNAi) depletion to address directly whether FAM111A function is required for DNA replication. Depletion of FAM111A significantly impaired EdU incorporation (Fig. 7g,h and Supplementary Fig. 6g,h ) and this was accompanied by reduced loading of PCNA onto chromatin ( Fig. 7i and Supplementary Fig. 6i ) in both primary TIG-3 primary fibroblasts and U-2-OS osteosarcoma cells. The cell cycle was not markedly perturbed after 48 h of FAM111A short interfering RNA (siRNA) treatment (Fig. 7j) . However, treatment with nocodazole to trap cells in mitosis showed that progression from G1 through S-phase to G2/M was markedly delayed in the absence of FAM111A (Fig. 7j) . To address G1/S transition directly, we released siRNAtreated TIG-3 cells from quiescence and followed S-phase entry by EdU incorporation. This revealed that FAM111A-depleted cells enter S phase and start DNA replication substantially later than control cells (Fig. 7k) .
DISCUSSION
Here, we describe a strategy for profiling dynamics of the chromatin proteome and histone marks during replication. We provide association dynamics for 3,995 factors during DNA replication and chromatin maturation, and predict a replication-coupled function for 93 uncharacterized proteins. Our analysis reveals that replication markedly perturbs chromatin composition, with 561 chromatin factors changing association within the first hours post-replication (Fig. 8 ). This correlates with deacetylation of new histones, but surprisingly repressive marks such as H3K9me3 and H3K27me3 remain largely unchanged. Overall, this large quantitative analysis provides a unique resource to understand epigenome maintenance in proliferating cells.
Two other methods for isolation of proteins on new DNA, iPOND and Dm-ChP, were recently described 34, 35 . These rely on EdU labelling of DNA and chemical ligation of biotin post-fixation (Click-iT). Introduction of biotin-dUTP requires a short hypotonic shift, but circumvents chemical ligation of biotin. Furthermore, NCC is developed for large-scale proteomics and thus optimized with respect to: strong crosslinking to preserve larger chromatin-bound complexes; isolation of nuclei to reduce contaminants; and use of HeLa S3 spinner cultures and SILAC to quantify chromatin dynamics. Our analysis captures the first well-established steps in chromatin replication: DNA unwinding (CMG helicase), DNA synthesis (Pol α, β and ε), Okazaki fragment processing (DNA ligase I, FEN1), nucleosome assembly (CAF-1), maintenance DNA methylation (DNMT1-UHRF1) and establishment of sister chromatid cohesion (Esco2). The comprehensive identification of known fork components by NCC probably reflects our chromatin preparation method along with SILAC-based quantification of chromatin composition at two distinct maturation states.
NCC-SILAC should thus be a perfectly controlled approach to discover DNA replication and chromatin maturation factors. Surprisingly, many proteins enriched in nascent chromatin had wellestablished functions elsewhere in the cell. Whereas some may function in replication, others probably constitute background. This is possible if the functional and structural differences between nascent and mature chromatin also impact on the background, in which case there is no perfect control. To pick the best candidates for follow-up studies, we thus took advantage of a chromatin-probability table for 7,600 proteins established by proteomics of interphase chromatin 29 . By this means, we shortlist 93 uncharacterized proteins that with high probability have a function at replication forks or in nascent chromatin. Corroborating this resource, three of the top candidates exclusively (FAM111A, FAM178A) or in part (ATAD2B) localize to replication sites. We thus anticipate that FAM111A and FAM178A primarily function in chromatin replication, whereas ATAD2B serve additional roles in chromatin. Indeed, FAM111A interacts directly with PCNA and promotes S-phase entry and DNA synthesis. A direct function of FAM111A at replication forks might explain recent findings that SV40 large T antigen binds FAM111A to overcome host-range restriction 36 and that variations in the chromosomal loci harbouring FAM111A (11q12) confer susceptibility to prostate cancer 37 . We speculate that FAM111A could play a role in replication initiation by affecting PCNA loading. Overexpression of the FAM111A PIP mutant compromises PCNA stability and chromatin binding. Yet, stabilization of PCNA did not fully restore chromatin binding (Fig. 7f) , and overexpression of PCNA together with the PIP mutant could not rescue replication (data not shown). The FAM111A PIP mutant might thus interfere with PCNA loading or maintenance on chromatin in a dominant-negative manner. Consistent with this, cells lacking FAM111A show low levels of chromatin-bound PCNA and impaired replication.
Our study defines the dynamic changes in chromatin composition during replication (Fig. 8) . The challenge is now to identify recruit ment mechanisms and uncover functional dependencies. Our finding that histone H1 is recruited in a delayed manner supports the model that deacetylation of new histones pave the way for linker histone binding and compaction 6, 38 . PRC1 also promotes compaction 39 and together with PRC2 constitutes an important cellular memory system 3 . An in vitro study of SV40 replication proposed that PRC1 remains bound to chromatin during DNA replication 40 . Our work argues that a substantial part of PRC1 is recruited later during chromatin maturation. In contrast the PRC2 complex is present in both nascent and mature chromatin, consistent with rapid recruitment to nascent chromatin by parental histones carrying H3K27me3 (refs 41,42) . As H3K27me3 levels did not change, other features must contribute to delayed recruitment of PRC1.
The centromeric H3 variant CENP-A was enriched in nascent chromatin (Fig. 3a) , despite the fact that stable de novo CENP-A incorporation mainly occurs in early G1 (refs 43,44) . We suggest that CENP-A either associates spuriously to accessible genomic regions such as nascent chromatin (this study) and sites of DNA repair 45 , or that structural changes in CENP-A nucleosomes after replication 46 influence crosslinking efficiency. The histone variant H2A.Z also decorates centric chromatin in addition to pericentric regions, promoters and gene bodies 43 . In contrast to CENP-A, H2A.Z levels increase with chromatin maturation. This probably reflects dilution of H2A.Z during replication 47 , followed by replicationindependent incorporation of new H2A.Z (ref. 43) .
NCC provides a tool to monitor transmission of histone modifications that complements present SILAC-based approaches to follow new and old histones 27, 28 . We took advantage of short CHX treatment as a crude, but instant, approach to block new histone biosynthesis 8, 48 . Our data suggest that H3K27me3 and H3K9me3 in nascent chromatin largely reflect transmission with old histones, confirming present models of epigenetic memory 2, 3 . A recent study in Drosophila embryos could not detect H3K4me3 and H3K27me3 on newly synthesized DNA and proposed that these marks were not inherited with parental histone 49 . A transmission of histone marks may differ in Drosophila embryos and human cells, it is important to note that our results are entirely consistent with recent SILAC-based comparison of new and old histone in cycling human cells 27, 28 . Together these complementary studies support a model in which H3K9me3 and H3K27me3 are transferred with old histones and imposed on new histones with slow kinetics, while mono-methylation is more rapid.
NCC combined with quantitative mass spectrometry is a strong tool to address how the epigenetic framework is maintained in dividing cells. To understand cellular memory it is evident that we need to unravel how chromatin is replicated. The resource and technology we provide here should thus be relevant to questions about cell identity during development, proliferative exhaustion of ageing cells and epigenetic alterations in cancer cells that experience uncontrolled proliferation. Given the wide use of chemotherapeutic drugs that target replication, NCC could also provide an avenue to drug design.
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METHODS
Cell lines. For SILAC experiment, HeLa S3 cells in spinners were grown in SILAC medium depleted for arginine and lysine (Thermo Scientific RPMI 1640 Medium) and supplemented with dialysed FBS (#26400-036 Invitrogen), MEM non-essential amino acid mix (#11140 Invitrogen), Glutamax (#35050-038 Invitrogen), 66 mg l −1 of arginine and 100 mg l −1 of lysine (SIGMA). Heavy medium was complemented with heavy lysine and arginine (Cambridge Laboratory number CNLM-291-0.25, number CLM-2265-0). Cells were maintained for 8 to 9 divisions in heavy or light medium before NCC analysis.
Synchronization and drug treatment. Cells were synchronized at the G1/S border by single thymidine block (2 mM, 17 h) and released into fresh media containing deoxycytidine (24 µM). TIG-3 cells were blocked in G2/M by nocodazole treatment (100 ng ml −1 , 10 h) 42 h after siRNA transfection. To follow S-phase entry, TIG-3 cells were serum starved (0 % FBS) for 40 h and released by replating in 10% FBS.
Cells were treated with cycloheximide (CHX, 200 µg ml −1 ) for 2.5 min before biotin-dUTP labelling and with MG132 (5 µM) for 6 h.
Immunofluorescence microscopy. Cells grown on coverslips or cytospun onto glass slides were pre-extracted with CSK (10 mM PIPES at pH 7, 100 mM NaCl, 300 mM sucrose and 3 mM MgCl 2 ) containing 0.5% Triton for 5 min on ice to remove soluble proteins, and fixed with 4% formaldehyde for 7 min. For biotin detection, we used streptavidin conjugated to Alexa Fluor 488 (Invitrogen #S32354). For EdU (5-ethynyl-2'-deoxyuridine) labelling, cells were incubated with 40 µM EdU (Invitrogen #A10044) for 10-15 min (Fig. 7a ,h,k) or 1 h (Fig. 7b,d ). EdU was detected using Click-IT Alexa Fluor 488 azide (Invitrogen #A10266) and Click-IT cell reaction buffer kit (Invitrogen #C10269). Images were acquired using an Axiovert 200M confocal microscope equipped with an LSM510 laser module (Zeiss), or a DeltaVision system, analysed and quantified with SoftWorKx 5.0.0 software (Applied Precision). For statistical analysis, data were processed in Prism.6 using a t-test when appropriate. For co-localization analysis, three-dimensional images of single cells were acquired and deconvolved before co-localization was measured by the Pearson coefficient using SoftWorKx. The investigators were blinded to the group allocation during picture acquisitions and quantitative analyses. Nascent chromatin capture. HeLa S3 cells growing in suspension were released from a single thymidine block for 3 h. For SILAC analysis, 5 × 10 8 cells were used as starting material for heavy and light cultures. For biotin-dUTP labelling, cells were incubated for 5 min in a hypotonic buffer (50 mM KCl and 10 mM HEPES) containing biotin-dUTP and resuspended in fresh cell culture medium. Cells were fixed in 2% formaldehyde after 20 min (nascent chromatin) or chased for 2 h in fresh medium before fixation (mature chromatin). Crosslinking was stopped after 15 min by adding glycine to a final concentration of 1% and incubating for 5 min at room temperature. Nuclei were mechanically isolated in a sucrose buffer (0.3 M sucrose, 10 mM HEPES-NaOH at pH 7.9, 1% Triton X-100 and 2 mM MgOAc), and chromatin was solubilized by sonication in a Diagenode Bioruptor at 4 • C in sonication buffer (10 mM HEPES-NaOH at pH 7.9, 100 mM NaCl, 2 mM EDTA at pH 8, 1 mM EGTA at pH 8, 0.2% SDS, 0.1% sodium sarkosyl and 1 mM phenylmethylsulphonyl fluoride; Bioruptor setting: High, 28 cycles of 30 s sonication and 90 sec pause). Biotinylated chromatin fragments were purified on streptavidin-coated magnetic beads (MyC1 Streptavidin beads) by overnight end-over-end rotation at 4 • C and 5 stringent washes (10 mM HEPES-NaOH at pH 7.9, 100 mM NaCl, 2 mM EDTA at pH 8, 1 mM EGTA at pH 8, 0.1% SDS, and 1 mM phenylmethylsulphonyl fluoride). For SILAC analysis, nascent and mature samples were mixed in the last wash. To release chromatin and reverse the crosslink, beads were boiled in LSB for 40 min at 100 • C, including a brief vortex and short spin every 10 min to prevent drying.
Proteomics.
Proteins from the NCC purification were digested with trypsin. The resulting peptides were fractionated by offline SCX and analysed on an LTQ Orbitrap Velos with online UPLC. Initial data processing was done using MaxQuant (ref. 51 ). We performed in-gel digestion 52 on NCC purified proteins and fractionated the peptides using a PolyLC SCX column on Dionex UltiMate 3000. The resulting 30 fractions were desalted using StageTips 53 and separated online on a Waters Acquity UPLC. Each fraction was run on a 2, 3 or 4 h gradient according to estimated material from the offline ultraviolet trace; fractions of very low content were combined. We used a formic acid/acetonitrile buffer system, and gradients optimized for complex samples. Analysis was performed with an LTQ Orbitrap Velos (Thermo Fisher Scientific) using a nano-electrospray ion source. Precursor scans were acquired with lock mass in the Orbitrap, and the top 20 ions, with dynamic exclusion, were selected for collision-induced dissociation fragmentation and measurement in the LTQ. Initial data processing was done using MaxQuant v 1.2.2.5 (ref. 51) , using the final release of IPI. We used the default parameters, except that we adjusted minimum unique peptides to 1 and minimum ratio count to 1. We also used MaxQuant to combine our data with the chromatin probability data. We apply normalization, and derived statistics from the MaxQuant evidence file using inhouse Perl scripts. Normalization is based on the ratio of H4, which we assume to be stable on chromatin from nascent to 2 h mature. For each protein we represent the spread of data using the median absolute deviation, which we observe to be more robust than the standard deviation of the mean (s.e.m.) for those proteins that have a great many quantitative measurements, and it is more in keeping with reporting the median ratio observed for each protein. It should be noted that the median absolute deviation is estimated to be approximately 0.8 of the s.e.m.
Quantification of histones by mass spectrometry. The large number of histone genes with highly conserved but not completely identical sequences makes it difficult to unambiguously assign peptides to one particular histone gene. To simplify data processing of histone sequences, a simplified human histone database was created. This database contains only one representative sequence of each of the four replication-dependent core histones H2A, H2B, H3 and H4. The protein sequence most closely approaching the consensus sequence was chosen as a representative sequence. In addition, this simplified histone database contains all non-canonical core histones (variants, isoforms of variants, but not pseudogenes) and all forms of the linker histone H1. Canonical, replicationdependent histones were distinguished from histone variants according to ref. 54 and, where necessary, based on Uniprot annotations and sequence comparisons. For histone quantification, mass spectrometry raw data from the NCC experiments were searched against this simplified human histone database using MaxQuant 1.2.2.5 software, omitting potential post-translational modifications from the search and using only unique peptides for quantification. Each experiment was normalized to histone H4. Chromatin probability. We used a chromatin probability table for 7,600 proteins 29 . This table is derived using MCCP (ref. 13 ) to integrate many chromatin proteomics experiments unrelated to the present study but collectively indicating chromatin function as assessed by known chromatin proteins.
GST-pulldown experiments.
35 S-labelled FAM111A wild-type and PIP mutant were produced using the TnT T7 Quick Coupled Transcription/Translation System (Promega) and incubated with recombinant GST-PCNA proteins in binding buffer (150 mM NaCl, 0.2% NP-40, 50 mM Tris, at pH 7.6, 2 mM EDTA, 5% glycerol and phosphatase inhibitors) for 3 h at 4 • C. The reactions were washed 6 times in binding buffer containing 300 mM NaCl and analysed by autoradiography and western blotting.
Transfection. siRNAs and plasmids were introduced by Oligofectamine (Invitrogen) and Lipofectamine (Invitrogen), respectively, according to the manufacturer's recommendations. For Fig. 7e ,h-j and Supplementary Figs 1d and 6h , the values for each independent experiment are provided in Supplementary Table 4 . The median is shown. An unpaired t-test with Welch's correction has been performed. The normality of the data has been tested by analysing the histogram distribution in Prism.6, and by Q-Q plot in SAS (version 9.2 SAS Institute). The difference of variance between two populations was measured in Prism.6. We used Welch's correction when the variances were not equal. P values are provided and defined in the legend of the figure. For Fig. 7f , each value on the graph is the median from one experiment. Values for each independent experiment are provided in Supplementary  Table 4 . The mean is shown with the s.d. We have used a one-sample t-test to compare the two groups to the control in SAS. P values are provided and defined in the legend of the figure. Supplementary Figure 7 continued Uncropped Western blots.
Statistical methods.
